Aphidophagous coccinellids (ladybeetles) are important providers of herbivore suppression ecosystem services. In the last 30 years, the invasion of exotic coccinellid species, coupled with observed declines in native species, has led to considerable interest in the community dynamics and ecosystem function of this guild. Here we examined a 24-year dataset of coccinellid communities in nine habitats in southwestern Michigan for changes in community function in response to invasion. Specifically we analyzed their temporal population dynamics and species diversity, and we modeled the community's potential to suppress pests. Abundance of coccinellids varied widely between 1989 and 2012 and became increasingly exotic-dominated. More than 71% of 57,813 adult coccinellids captured over the 24-year study were exotic species. Shannon diversity increased slightly over time, but herbivore suppression potential of the community remained roughly constant over the course of the study. However, both Shannon diversity and herbivore suppression potential due to native species declined over time in all habitats. The relationship between Shannon diversity and herbivore suppression potential varied with habitat type: a positive relationship in forest and perennial habitats, but was uncorrelated in annual habitats. This trend may have been because annual habitats were dominated by a few, highly voracious exotic species. Our results indicated that although the composition of the coccinellid community in southwestern Michigan has changed dramatically in the past several decades, its function has remained relatively unchanged in both agricultural and natural habitats. While this is encouraging from the perspective of pest management, it should be noted that losses of one of the dominant exotic coccinellids could result in a rapid decline in pest suppression services if the remaining community is unable to respond. 
Introduction
Aphidophagous coccinellids (ladybeetles, order Coleoptera) are a well-studied group of insects [1, 2] . Coccinellids are economically important for their ability to suppress pest herbivores, and their ubiquity and charismatic appearance has led to public interest in their conservation [1] . Over the last 30 years the addition of multiple exotic species to the North American coccinellid community, coupled with observed declines in native species, has led to renewed interest in the ecosystem function of this guild [2] .
Aphidophagous coccinellids have been under systemic surveillance at the Long Term Ecological Research (LTER) site at Kellogg Biological Station since 1989. This community has been invaded four times in the last 28 years. Coccinella septempunctata, a European species [3] , arrived in 1985; Harmonia axyridis, an Asian species [4] , was first detected in 1994; Hippodamia variegata, a Eurasian species [5] , was first captured in 1999; and Propylea quatuordecimpunctata, a European species [6] , has been in the region since 2007.
Prior studies have shown that coexisting coccinellid species partition habitat use in space and time and thus function complimentarily [7] . This allows for more effective resource partitioning and less direct competition between predators [8] . Thus, in a situation with limited competition between native and exotic species, herbivore suppression services offered by a coccinellid community are expected to increase with biodiversity, that is, the addition of exotics may improve herbivore suppression services, provided native species are not extirpated. Moreover, exotic species would be expected to have negligible effect on the diversity of a community if the exotic species effectively replaced a native species with respect to its level of dominance. However, exotic species which are able to outcompete native species are not necessarily superior biological control agents [9, 10] . Superior competitors may instead out-compete native species by interfering with the ability of the native species to acquire resources [11] . It has not yet been demonstrated how exotic species affect ecosystem services provided by the coccinellid community (i.e. aphidophagy), over the long term [2] , although several studies have documented declines in particular aphid populations in the short term following the establishment of exotic coccinellids [12] [13] [14] . From a theoretical perspective, it is expected that exotic species that use resources differently or have greater phylogenetic distinctiveness would have larger impacts on ecosystem functions [15, 16] , and thus, in the case of coccinellid invasions in landscapes that are already well exploited by native coccinellids, the impact on community function would be expected to be minimal.
In order to estimate the changes in the ability of the coccinellid community to suppress herbivores before and after invasion, a reliable metric must be used. Bahlai et al. [17] developed the natural enemy unit (NEU), a metric for quantifying the herbivore suppression potential of a resident natural enemy community based on the voracity and abundance of individual species. This metric provides a tool to estimate the predation capacity of the coccinellid community, with the assumption that competitive interactions do not reduce the overall voracity. Thus, this metric allows herbivore suppression potential (i.e.: the maximum number of prey items a resident natural enemy guild is capable of consuming, under ideal conditions) to be evaluated relative to ecosystem characteristics such as biodiversity, and disturbances like invasions. Although competitive interactions between natural enemies are not explicitly considered by this metric, a model using NEUs to represent the herbivore suppression of diverse natural enemy guild corresponded well to field-observed aphid suppression when it was assumed the herbivore suppression potential was the upper asymptote of a type III functional response [18] . Thus, the metric provides the most realistic estimation of realized herbivore suppression by coccinellids in prey-rich environments.
While numerous prior studies have examined aphidophagous coccinellid communities in North America [2, 7, 12, 13, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , almost all of the comprehensive, systemic multiyear studies focus on a single crop; predominantly on cultivated herbaceous host habitats [2] . In contrast, our study documented the coccinellid community in southern Michigan from 1989 to 2012 in nine habitats, representing not only one of the longest durations of continuous coccinellid surveillance, but also presents the most diverse set of habitats monitored in a single study. These data also represent a rare case where detailed observations were taken before, during and after the invasion of several species using a standard protocol [11] . In the present paper, we examine herbivore suppression and diversity function in these invaded coccinellid communities over 24 years. To monitor coccinellids, un-baited two-sided yellow cardboard sticky cards (Pherocon, Zoecon, Palo Alto CA) are suspended at 1.2 m above ground at each sampling station [29] . Each week, coccinellids on the sticky cards are identified using a pictorial key, counted, recorded, and then removed from sticky cards. Sticky cards are replaced every two weeks. The length of the sampling period within the growing season averaged 14 weeks (with a standard error of one week, and minimum and a maximum of 8 and 22 weeks respectively). Variation depended on the availability of labor, crop type, and weather.
Methods

Description of study site and classification of habitats
For analyses and data presentation, individual habitats (i.e. dominant plant community occurring in a treatment block) were grouped into three habitat types: annual crops, perennial crops, and forest habitats. Annual crops were all dominated by annual herbaceous plants, grown in near monoculture, and included maize, wheat, and soybeans. Habitats classed as perennial crops included poplar, alfalfa, and managed early successional. Managed early successional habitats were included in this group because, although this community is not a crop per se, it is a community resulting from abandoned crop land, occurring within a crop matrix, and managed to maintain their early successional stage (e.g., yearly spring burnings). Finally, forest habitats included coniferous, deciduous, and successional forest.
Coccinellid abundance data
The relative abundance of 13 species of aphidophagous coccinellids (Table 1) as measured by sticky trap capture of adults was used in the analysis. Species were included if they were recorded in the surveys, and had been recorded in the literature as consuming aphids. The majority of coccinellids recorded are primarily aphidophagous, but Coleomegilla maculata, an omnivorous species that also feeds on pollen [30] , and Chilocorus stigma, a scale specialist that incidentally feeds on aphids [31] , were included in the analysis. Two other coccinellids, Brachiacantha ursina, and Psyllobora vigintimaculata, are only known to eat scale insects and fungi, respectively [32] , and were excluded from the analysis.
Data were examined at two different temporal resolutions to gain insight into both real-time interactions and between season trends. First, the sum of all captures from each sampling station in a given week, in a given treatment by replicate combination, was called 'weekly average,' and the sum of all captures in a given treatment over a calendar year, was referred to as 'yearly total.' Data were further subdivided into sets of 'all coccinellids' and 'native species only' to detect differences in diversity and function of native coccinellids compared to the community as a whole. To aide in data visualization, a Gaussian smoother with a span of 3 units was used to produce smoothing curves. To reduce the likelihood of erroneous conclusions from a large dataset with numerous sources of variation, α=0.01 was observed for all analyses.
Diversity analysis
The Shannon Index (Shannon's H) was used to examine trends in diversity of the coccinellid community at the site over time [33] . A Shannon Index was computed for the species distribution at each observation and then this value was used as the dependent variable in several analyses examining the Shannon Index by each habitat type. One way ANOVA or, if data did not meet assumptions of ANOVA, Kruskal-Wallis one way analysis of variance on ranks were performed using SigmaPlot 11.0.0.75 For Windows (Systat Software Inc.) for Shannon Index by habitat for both datasets. Weighted least square regressions were conducted in R 2.15.3 [34] to detect linear trends in Shannon Indices over the observation period. Regressed data points were weighted by number of traps reporting in a given replicate-week combination, or yearly total number of traps in a habitat, for weekly and yearly datasets, respectively.
Herbivore suppression potential model
The herbivore suppression potential of the observed community was modeled by weighting each species by its relative voracity, after Bahlai et al. [17] . Herbivore suppression potential is computed in natural enemy units (NEU), where 1 NEU is the number of predators or parasitoids required to kill 100 of a particular pest insect in 24h. Thus,
for N species, where n i is number of individuals of species i, and V i is the voracity of species i, expressed as the number of target prey (in this case, aphids) consumed in 24h, divided by 100. 
Voracity of adult coccinellids
To estimate the voracity of each coccinellid species, literature values of average aphid consumption rates were used. If a study reported aphid consumption rates for each sex for a given species, a 1:1 sex ratio was assumed and the average of the consumption rates are reported. Where multiple sources were available, the highest estimate of voracity was used, except when the highest estimate was dramatically higher than all other published values; then the top two estimates were averaged. The voracity values used to estimate herbivore suppression potential for all aphidophagous coccinellids examined in this study (obtained from the literature) are provided in Table 2 .
Analysis of herbivore suppression services and relationship with biodiversity
To detect linear trends in herbivore suppression potential over the observation period, one way ANOVA or, if data did not meet assumptions of ANOVA, Kruskal-Wallis one way analysis of variance on ranks were performed for herbivore suppression potential by habitat for both datasets. Least square regressions weighted by the number of reporting traps were performed herbivore suppression potential were examined using data at the weekly resolution only. A least-square linear regression analysis was performed comparing the Shannon Index to herbivore suppression potential for captured coccinellids for each habitat type on the weekly average dataset. Year was treated as a factor in the analysis to account for year-to-year variability in overall coccinellid occurrence. ANOVA was performed on the regression model to determine if the interaction of Shannon diversity and herbivore suppression potential differed between habitats.
Results
Coccinellid abundance data
Between 1989 and 2012, 739,047 individual observations were recorded (species by trap) in the KBS LTER coccinellid database, 61,377 traps were monitored, and 57,813 aphidophagous coccinellids corresponding to thirteen species were captured.
Community structure and dynamics
Coccinellid community structure varied markedly over the course of the study (Figure 1 ). The proportion of total captured coccinellids for each species from 1989 to 2012 is given in Table 1 , and the proportional abundance by year of species accounting for ≥1% of total captures is given in Figure 1 . Over the entire study, C. septempunctata, and more recently, H. axyridis comprised the two dominant species, together accounting for more than 69% of total captures. Prior to 1996, C. maculata was frequently observed to be co-dominant with C. septempunctata, but has declined in importance since, typically only representing greater than 20% of the captures in years when maize is planted at the site. The relative abundance of each of these three dominant species varied from year to year (Figure 1 ). The two most recent additions to the community, H. variegata and P. quatuordecimpunctata, are rapidly increasing in dominance. Although absolute proportions of each species captured varied dramatically by year, the community was increasingly dominated by exotic species over the course of the Total coccinellid abundance also varied widely by year over the course of the study (Figure 2 ). On average, coccinellid captures were highest in annual crops, followed closely by captures in perennial crops, while the trapping rate in forest habitats was consistently lower than that in either annual or perennial crop habitats (Figure 2 ).
Diversity analysis
Shannon diversity varied between habitat types at the weekly resolution, but not at the yearly resolution of the data (weekly: H 2 =860.7, p<0.01, yearly: H 2 =7.03, p=0.03, Table 3 ). In a given week, the greatest diversity was observed in annual crops and the lowest diversity was observed in forest habitats. A positive linear trend in Shannon diversity by year was observed at the weekly resolution in annual and perennial crops (annual: slope=0.0102 ±0.0008, p<0.01; perennial: slope=0.0053± 0.0008, p<0.01), but no trends were observed in forest ( Figure 3A) , nor in Shannon diversity over time within individual habitat groups at the yearly resolution ( Figure 3B ). When Shannon diversity of only native species was examined at the weekly resolution, a significant linear decrease over time was observed in annual and perennial crop habitats (annual: slope=-0.0031 ±0.0004, p<0.01; perennial: slope=-0.0058± 0.0004, p<0.01), however, no linear relationship was observed in forest habitats ( Figure 3C ). At a yearly resolution, no significant trends were observed in native coccinellid Shannon diversity ( Figure 3D ).
Herbivore suppression services and relationship with biodiversity
Herbivore suppression potential of the full coccinellid community varied between habitats (Kruskal-Wallis, H 2 =1610.6, p<0.01, Table 3 ). Herbivore suppression potential was highest in annual crops, and lowest in forests.
No significant trend was observed in the modeled herbivore suppression potential of the coccinellid community over time in any of the habitat groups ( Figure 4A ). Herbivore suppression potential due to native species exhibited a significant linear decrease over time in annual and perennial crop habitats (annual: slope=-0.0030 ±0.0007, p<0.01; perennial: slope=-0.0074± 0.0005, p<0.01) but no trend was observed in forest habitats ( Figure 4B ).
Herbivore suppression potential was examined as a function of Shannon diversity index in three habitat types ( Figure 5) . The relationship between herbivore suppression potential and Shannon diversity varied between habitats (F 2, 9374 = 24.2, p<0.01); the relationship was positive in perennial and forest habitats (slope =0.24±0.4, 0.47±0.9, respectively) but no significant relationship was found in annual habitats. 
Discussion
Coccinellid community dynamics
The pattern of long-term co-dominance between several species observed in this study is common in coccinellid communities (i.e., most are dominated by two to four species) although the composition of the group of dominant species may vary with location and time [35] . This co-dominance pattern is not dependent on the invasion or disturbance status of the guild. Similar co-dominance patterns have been observed in a diversity of pre-invasion coccinellid communities [19, 22, 24, 36, 37] , as well as post-invasion communities [13, 25] .
Certain coccinellid species tend to dominate captures in areas where they are established. In our study, for instance, C. septempunctata, H. axyridis and C. maculata were among the dominant species in the coccinellid communities when they were present in the community [2, 14, 23, 36, 38, 39] . P. quatuordecimpunctata has been increasing in its relative abundance since its arrival in the system, and it may join the aforementioned co-dominant species, as it, too, is known to codominate the coccinellid community in its native range [40] .
Biodiversity and herbivore suppression potential
Net biodiversity of the coccinellid community changed very little over the course of our study. In annual and perennial crop habitats, we observed a small increase in weekly, but not yearly Shannon diversity despite the introduction of three exotic species over the course of the study ( Figure 3A, B) . Diversity of natives declined in annual and perennial crop habitats at a weekly resolution, and no net change to native diversity was observed over the course of this study at the yearly resolution. This suggests that although native species are still present and just as likely to be captured over the course of a year, they are less likely to be captured within a given week. This result is similar to what has been observed in previous studies. In a review by Harmon et al. [2] combining the observations of several North American coccinellid invasions, the number of native species in an assemblage did not change in response to the addition of an exotic species (i.e., it was rare to observe a complete elimination of a native species associated with the introduction of an exotic species). The diversity index associated with native species only decreased slightly, on average, after the establishment of an exotic species [2] .
Modeled herbivore suppression potential of the community also changed very little in response to invasion (Figure 4 ). Acorn [41] suggested that the interpretation of coccinellid invasion data has been influenced by attitudes against 'biological pollution' even though ecological change (of the kind resulting from native species being displaced by exotics) does not yield a loss of function. Our data support this assertion, at least from the standpoint of preserving the function of aphidophagy. We estimated very little change in the long term herbivore suppression potential across our experimental landscape over the course of the study ( Figure 4A ). However, there was a period of increased variability in herbivore suppression potential immediately after the introduction of soybean aphid, Aphis glycines, in 2000. This introduction is known to change the resource structure for coccinellids at landscape scales [42] . During the acute invasion phase of this aphid from 2000 to 2006, coccinellid densities reached higher peaks, and were even more variable than what is typically observed (Figure 2 ). At this time, a brief depression in overall diversity of the coccinellid community was also observed (Figure 3B) , as a single exotic species (H. axyridis) became hyper-dominant. Soybean aphid is a preferred prey item of H. axyridis and the arrival of this aphid biotically facilitated the invasion of this exotic coccinellid [43] . Soybean aphid outbreaks have since decreased in frequency, and there is evidence that, since 2007, this prey item is no longer acting as a significant driver of population dynamics of H. axyridis [44] .
Diversity was significantly and positively related to herbivore suppression potential in perennial and forest habitats, but was uncorrelated in annual crops ( Figure 5 ). This observation has important implications for biological control in these systems. When coccinellid species are partitioned into spatiotemporal niches, intraspecific competition will be more important than interspecific competition in the population dynamics of a species, intraguild predation will be uncommon, and prey suppression will increase with diversity of the community [7] . The exception to this may be in landscapes with less plant diversity, such as annual cropping systems, which provide a lower diversity of habitats and, in turn, prey species. In this case, a coccinellid species particularly adapted to the particular prey resource available may essentially dominate the entire habitat, to the exclusion of other species. However, functional diversity, that is, the partitioning of resources between consumers with different resource use patterns, is more important than simple biodiversity in determining the level of resource exploitation when resources themselves are diverse [45] .
Sampling methodology
Fewer coccinellids were collected in forest habitats than in perennial or annual habitats over the duration of the study. This might be due, at least in part, to decreased efficiency of our trapping design when located in arboreal habitats (see methods). Nevertheless, more coccinellids were captured in managed early successional habitats (within the Main Cropping System Experiment) than in successional forests. The fact that these two types of successional habitats were structurally similar may indicate that indeed fewer coccinellids were present in forest habitats. Although yellow sticky cards are imperfect estimators of relative abundance of coccinellids [46] , they represent a cost effective, consistent sampling unit. This characteristic makes them a useful methodology when employed in long term studies, which may be otherwise biased by personnel turnover or inconsistent sampling. Also, the fact they are permanently placed in the field may increase the probability of capturing rare species as they move through the landscape. It is important to note that between habitat and between species comparisons may be affected by the varying trap efficiency for a given species in a given habitat, and thus the strongest evidence for ecological change results from within species, within habitat trends.
Conclusions
Despite repeated invasions and a dramatic change in overall composition of the coccinellid community in southwestern Michigan, we find little evidence to suggest a change in function of aphidophagy. Our estimates of biodiversity and herbivore suppression potential, and the overall population dynamics of the community as a whole suggest that this community is currently functioning much as it was at the initiation of this study, and to other similar systems [13, 19, 22, 24, 25, 36, 37] . Long term studies of invaded systems are essential because the impact of exotic species may change over time. Our study confirms prior observations that exotic coccinellids negatively impact community diversity during the acute phases of their invasion (i.e., when they often singly dominate the coccinellid community for several years) [2, 47] . Afterwards, the community diversity returns to a 'new normal' with several co-dominant species which variably alternate in relative abundance. This variation depends on opportunistic responses to environmental conditions, but is also likely influenced by a given species' characteristic population fluctuations.
Non-native species that are superior competitors are known to negatively affect the diversity and abundance of closely related or functionally similar native species. However, the direct impact of exotic species on ecosystem functions is more variable depending on the degree of functional overlap and phylogenetic relatedness between the exotic species and the native species that are displaced [11, 15] . In guilds of functionally similar predators, capacity for herbivore consumption is controlled by the availability of prey, and is less dependent on the identity of the members of the guild [25] . This does not mean that the loss of native coccinellid biodiversity is without concern, however. Although a low diversity of exotic species may provide equivalent service, native coccinellids provide resilience of herbivore suppression services in a landscape: when prey populations in agricultural systems escape control by exotics, native species quickly colonize pest outbreak areas [14] . Members of insect communities with large body sizes, like the two dominant exotic species at our study site, tend to be among the most functionally efficient members of the community (Table 2) , and may also be more prone to local extinction [48] . If native coccinellids continue to decline, and any of the dominant exotic coccinellids which are now very important providers of herbivore suppression service were lost, major disruption to the pest suppression services offered by a landscape could be observed.
